A nitrate-selective electrode based on a recently synthesized bis(2-hydroxyanil)acetylacetone lead(II) complex [(haacac)Pb] has been developed. Among different compositions studied, a membrane containing 30.7% poly(vinyl chloride) (PVC), 61.3% dibutyl phthalate (DBP) as a plasticizer, 3% methyltrioctylammonium chloride (MTOAC) as a cationic additive and 5% ionophore (all w/w) exhibited the best potentiometric response toward nitrate ion in aqueous solutions. The potentiometric response of the electrode was linear with a Nernstian slope of -58.8 mV decade -1 within the NO3 -concentration range of 2 × 10 -5 -1 × 10 -1 mol dm -3 . The response time of the electrode was ≤ 10 s over the entire linear concentration range of the calibration plot. The electrode is suitable for use within the pH range of 5.3 -11. The selectivity coefficients for the proposed electrode were improved for some interferences, when compared with those of commercially available nitrate-selective electrodes.
Introduction
Nitrate is an anion of major importance particularly in environmental and biological areas. The necessity for nitrate monitoring is recognized by most health authorities, world wide, with legislation often levied on permissible levels in drinking water and food products. 1 Excessive amounts of nitrate in water supplies indicate pollution from sewage on agricultural effluents. This ion, after chemical transformation, could have a direct impact on health because of its reaction with amines to produce nitrosamines, which are known to be one of the most powerful carcinogens to mammalians. 2 As such, various methods including fluorescence, 3, 4 FIAspectrophotometry, [5] [6] [7] [8] [9] [10] electrochemical methods based on modified electrodes, 1, 11 the Brucine method, 12 and nitrateselective electrodes 13, 14 have been developed for the determination of nitrate in different samples. Among these methods, potentiometric detection based on ion-selective electrodes (ISEs) provides a rapid, simple, reasonably selective and inexpensive way of determining this ion in different samples.
Almost all of the nitrate ISEs are based on ion exchangers that provide Hofmeister-type selectivities, 15, 16 and thus suffer from interferences by lipophilic anions, such as perchlorate, thiocyanate and iodide. Although various metal-ligand systems have been reported as carriers for the construction of different anion-selective electrodes, a suitable carrier for nitrate is still in demand. Therefore, we were prompted to study the response of a membrane based on a newly synthesized Schiff-base complex toward the nitrate ion. Preliminary studies showed that the electrode is more responsive to nitrate than several other anions. The electrode shows improved selectivities for some of the interferences when compared with those for the commercially available nitrate-selective electrodes.
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Experimental
Reagents and solutions
All solutions were prepared with distilled, deionized water and analytical reagent-grade chemicals without further purification, except for tetrahydrofuran (THF), which was distilled before use. Poly(vinyl chloride) (PVC) of high relative molecular weight was purchased from Fluka. Dioctyl phthalate (DOP), MTOAC, DBP and all other chemicals were from Merck.
A standard nitrate solution (0.1 mol dm -3 ) was prepared by carefully weighing solid sodium nitrate, which had been previously oven-dried at 125˚C for several hours. Standard solutions of all other anions were prepared from their respective sodium or potassium salts as 0.1 mol dm -3 stock solutions. The pH adjustments were made with dilute hydrochloric acid or sodium hydroxide solutions, as required.
Synthesis of bis(2-hydroxyanil)acetylacetone (H2haacac)
This compound was prepared by dissolving 2-aminophenol (2.18 g, 20 mmol) in 100 ml of distilled ethanol in a 250 ml round-bottom flask, which was stirred using a magnetic stirrer. To this was added a solution of acetylacetone (1 g, 10 mmol) in 50 ml of ethanol dropwisely through a dropping funnel. The reaction mixture was refluxed on a water bath for 8 h to obtain a red solution. After reducing the volume of the solution to ca. 50 ml, the flask was kept at ambient temperature for 4 h. The mixture was cooled to obtain a white microcrystalline Schiffbase ligand, which was collected by filteration, washed with ethanol (2 × 10 ml) and dried in the open air. Finally, the ligand was recrystallized from ethanol to give pure crystals. 1 mmol). The resulting mixture was stirred for 4 h at reflux to give a yellow precipitate. The mixture was filtered and the yellow solid was washed with ethanol (2 × 10 ml). The product was dissolved in 50 ml chloroform and the solid residue was removed by filteration. The filtrate was left undisturbed under the hood for 14 h, and the yellow crystalline product was collected and washed with diethyl ether. Anal. Calcd. For 
Electrode preparation
A PVC membrane solution was prepared by thoroughly mixing appropriate amounts of the carrier [(haacac)Pb], plasticizer (DOP or DBP), membrane additive (MTOAC), and PVC; the total mass was 100 mg, (see Table 1 ) in 10 ml THF. The resulting mixture was transferred into a glass dish of ∼2 cm diameter. The solvent was slowly evaporated until an oily concentrated mixture was obtained. A Pyrex tube (ca. 3 mm i.d.) was dipped into the mixture for about 5 s so that a nontransparent membrane of about 0.3 mm thickness was formed at its end. The tube was then pulled out from the mixture and kept at room temperature for about 12 h. The tube was then filled with an internal filling solution (1 × 10 -3 mol dm -3 NaNO3). The electrode was finally conditioned for 24 h by soaking it in a 0.01 mol dm -3 sodium nitrate solution. A silver-silver chloride electrode was used as an internal reference electrode.
Apparatus
Potentials were measured with a Schott Model CG-825 pH/mV meter. A saturated Ag/AgCl electrode was used as the reference electrode. The pH of the sample solutions was monitored with a conventional glass pH electrode. Spectrophotometric measurements were carried out on a Jasco Model V-570 spectrophotometer.
Potential measurements and calibration
A membrane electrode incorporating (haacac)Pb was used as the measuring electrode in conjunction with a silver-silver chloride reference electrode. All potential measurements were performed at ambient temperature (25 ± 1˚C) using a galvanic cell of the following type: Ag-AgCl-KCl (satd.) | internal filling
The performance of each electrode was investigated in the concentration range of 1 × 10 -7 -1 × 10 -1 mol dm -3 by serial dilution of the stock solution at a constant pH. The solutions were stirred and potential readings recorded when they reached steady state values. The data were plotted as the observed potential against the logarithm of the NO3 -concentration. The potentiometric selectivity coefficients (KNO3,j) were determined according to the fixed interference method (FIM) 18 using 1 × 10 -3 mol dm -3 solutions of interfering ions.
Results and Discussion
Influence of membrane composition
The effect of the membrane composition on the potentiometric response of the electrode was investigated by varying the proportions of the ion carrier, (haacac)Pb, the nature and amount of the plasticizer and the lipophilic additive. The potential response of all the electrodes was investigated in the concentration range of 1 × 10 -7 -1 × 10 -1 mol dm -3 NO3 -.
Among the several compositions studied, a membrane incorporating 30.7% PVC, 61.3% DBP, 3.0% MTOAC (MTOAC/carrier mole ratio of 74%) as a cationic additive and membrane modifier, and 5% carrier, showed the best potentiometric response toward nitrate ion in aqueous solutions. This composition was, therefore, used to study the performance characteristics of the electrode, viz., working concentration range, selectivity, lifetime, response time, and the effect of the pH. The characteristic properties of the optimized membrane are summarized in Table 1 . The response of the membranes with no cationic additive was far from Nernstian. However, the incorporation of 74 mole percent of this additive into the membrane with respect to the ionophore resulted in a Nernstian slope of -58.8 mV per decade of the nitrate concentration. Such an improvement of the electrode sensitivity can be related to the fact that (haacac)Pb is a neutral carrier. In the case of ISEs based on neutral carriers, ionic sites with a charge opposite to that of the primary ions is necessary for obtaining a Nernstian response. [19] [20] [21] The presence of lipophilic ionic sites is also beneficial for reducing the membrane resistance and co-ion interferences. 22 
Response characteristics of the electrode
The effect of the pH of the test solution on the response of the membrane electrode was examined at 1 × 10 s At least two months concentration. As illustrated in Fig. 2 , the potentials remain constant within the pH range of approximately 5.3 to 11. The working pH range over which the electrode can be used covers the pH of most natural and industrial waters.
The potentiometric response of the membrane electrode to different concentrations of NO3 -was examined using the optimized membrane composition and conditions described above. The response of the electrode was linear with a Nernstian slope of -58.8 mV decade -1 within the concentration range of 2 × 10 -5 to 1 × 10 -1 mol dm -3 (Fig. 3) . The practical limit of detection, taken as the concentration of NO3 -at the point of intersection of the extrapolated linear segments of the calibration plot, was approximately 1 × 10 -5 mol dm -3 . The response time of the electrode was measured after successive immersion of the electrode in a series of NO3 -solutions ranging from 1 × 10 -4 to 1 × 10 -1 mol dm -3 . The average response time thus obtained for the electrode to reach a potential within ±1 mV of the final equilibrium value was ≤10 s over the entire concentration range. The sensing behavior of the electrode did not depend on whether the potentials were recorded from low to high or vice versa. Repeated monitoring of the potentials (10 measurements) on the same portion of the sample at 1 × 10 -3 mol dm -3 NO3 -resulted in a standard deviation of ±0.7 mV. The optimum equilibration time for the electrode was found to be 24 h in a 0.01 mol dm -3 solution of NaNO3. The electrode was tested over a period of two months to investigate its stability. During this period, the electrode was in daily use and was stored in a 0.01 mol dm -3 NaNO3 solution. No significant change in the performance of the electrode was observed during this period.
Selectivity of the electrode
The potentiometric selectivity coefficients (KNO3,j) were determined by the fixed interference method. 18 In this method, the concentration of the analyte is varied while that of the interfering ions, such as Br -, CH3COO -, BrO3 -, Cl -, ClO3 -, CN -, F -, I -, IO3 -, N3 -, NO2 -, salicylate -, SCN -, SO3 2-, ClO4 -and SO4 2-, were 1 × 10 -3 mol dm -3 . The reason for selecting these ions was that many of them may be present in the media when nitrate is present (in drinking water, fertilizers, fountain waters, waste waters, industrial effluents, soils, etc.). The potentiometric selectivity coefficients of the proposed electrode are summarized in Table 2 . As is evident from the data in Table 2 , the electrode based on (haacac)Pb is more selective to nitrate than the other anions studied.
There are currently several commercial nitrate-selective electrodes, and numerous reports on the applications of these electrodes. 23, 24 Almost all of the commercial sensors are based on ion-exchangers that provide Hofmeister-type selectivities. 15 Although most of the nitrate-selective electrodes are often sufficiently selective to nitrate, and have found many applications for the analysis of foods, fertilizers, plant tissues, soils and waste waters, they are actually selective for anions more lipophilic than nitrate (e.g. perchlorate, iodide, thiocyanate and etc.). The selectivity coefficients of several nitrate-selective electrodes are compared with those of the proposed electrode in Table 3 . As can be seen, all commercial electrodes 17 and the electrodes based on tris(2,2′,2″-salicylideneimino)triethylamine iron(III), 25 and tris(4,7-diphenyl-1,10-phenanthroline) nickel(II) 5 show strong interference from perchlorate and iodide ions, and from thiocyanate wherever reported. 25 In fact, these electrodes respond to perchlorate, iodide and thiocyanate rather than nitrate.
The proposed electrode demonstrates a significant deviation in the selectivity from the Hofmeister series,
, at least with respect to nitrate ion. In comparison with the selectivities given in Table 3 , except for those of electrode C, 14 the proposed electrode shows improved selectivity toward nitrate with respect to perchlorate, iodide and thiocyanate.
Although perchlorate is still the strongest interference among the studied anions, its interference is several orders of magnitude less than the values reported for the other electrodes (see Table 3 ). The nitrate-selective electrode developed by electrochemically mediated imprinting/doping of polypyrrole 14 is superior in term of its selectivity toward nitrate with respect to perchlorate; for the other anions, the selectivities reported for this electrode are more or less comparable with those of the reported electrode.
Several transition and non-transition metal complexes and organometallic compounds have been used as carriers for the construction of anion-selective electrodes. 5, 25, [27] [28] [29] [30] [31] [32] [33] [34] [35] These include complexes of different metal ions, such as nickel, tin, indium, aluminum, chromium and manganese with phenanthrolines, salens, salophens, phthalocyanines and porphyrins. In most of the electrodes based on these complexes, axial ligation of the anion to the central metal ion has been mentioned as the reason for the potentiometric response of the electrodes. Although it seems that the carrier proposed in this work, (haacac)Pb, is relatively selective toward nitrate, the reason for its behavior and the type of interaction is not clear to us, and requires further investigation.
Analytical applications
To assess the applicability of the proposed electrode to real samples, an attempt was made to determine nitrate in river and well-water samples. The results obtained by the potentiometric method agree reasonably well with those of a standard method 26 ( Table 4 ). The results indicate that the proposed method can be successfully applied to the determination of nitrate at concentrations normally present in water samples without any pretreatments.
Conclusion
Based on the results discussed in this article, [(haacac)Pb] may be considered to be a neutral carrier for constructing of a PVCbased membrane electrode to determine nitrate ion in aqueous solutions. The proposed electrode has been shown to have good operating characteristics (sensitivity, stability, life time and response time). The electrode exhibits improved selectivity with respect to several anions, when compared with those of commercially available and several reported nitrate-selective electrodes. 
